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a b s t r a c t
Genome encapsidation is an essential step in the life cycle of viruses. Viruses either use some of the most
powerful ATP-dependent motors to compel the genetic material into the preformed capsid or make use of the
positively charged proteins to bind and condense the negatively charged genome in an energy-independent
manner. While the former is a hallmark of large DNA viruses, the latter is commonly seen in small DNA and
RNA viruses. Discoveries of many complex giant viruses such as mimivirus, megavirus, pandoravirus, etc.,
belonging to the nucleo-cytoplasmic large DNA virus (NCLDV) superfamily have changed the perception of
genome packaging in viruses. Fromwhat little we have understood so far, it seems that the genome packaging
mechanism in NCLDVs has nothing in common with other well-characterized viral packaging systems such as
the portal-terminase system or the energy-independent system. Recent ﬁndings suggest that in giant viruses,
the genome segregation and packaging processes aremore intricately coupled than those of other viral systems.
Interestingly, giant viral packaging systems also seem to possess features that are analogous to bacterial and
archaeal chromosome segregation. Although there is a lot of diversity in terms of host range, type of genome,
and genome size among viruses, they all seem to use three major types of independent innovations to
accomplish genome encapsidation. Here, we have made an attempt to comprehensively review all the known
viral genome packaging systems, including the one that is operative in giant viruses, by proposing a simple and
expanded classiﬁcation system that divides the viral packaging systems into three large groups (types I–III) on
the basis of the mechanism employed and the relatedness of the major packaging proteins. Known variants
within each group have been further classiﬁed into subgroups to reﬂect their unique adaptations.
& 2014 Elsevier Inc. All rights reserved.
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Introduction
Genome condensation and packaging are complex and essen-
tial processes common to all three forms of life as well as to
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viruses that parasitize them. No single deﬁnition of “genome
condensation” could explain the diversity of packaging systems
because the mechanism and the extent of compaction vary widely
in biological systems. Several centimeters of eukaryotic genome is
condensed into the micrometer-sized nucleus (Teif and Bohinc,
2011) with the help of highly charged histone proteins (Van Holde,
1989). Genomic DNA in prokaryotes is condensed with the help of
polyamines and proteins such as histone-like nucleoid structuring
protein (H-NS), heat-unstable nucleoid protein (HU), factor for
inversion stimulation (FIS), integration host factor (IHF), and DNA-
binding protein from starved cells (DPS) into an irregularly-shaped
viscous region known as the nucleoid, which occupies about a
quarter of the intracellular volume (Teif and Bohinc, 2011; Wiggins
et al., 2010). Viral genome packaging mechanisms provide the
most condensed state of the genome among all forms of biological
entities (Catalano, 2005; Teif and Bohinc, 2011). Most DNA and
RNA viruses with smaller genomes (o20 Kb) use the energy-
independent system, where the capsid is assembled around the
genome, resulting in its condensation and packaging, whereas
large viruses use ATP-driven motors to pump the nucleic acid into
the preformed capsid (Burroughs et al., 2007). In recent times,
signiﬁcant progress has been made in understanding the mechan-
ism of genome packaging in both types of viruses. Solution
structures of retroviral Gag cleavage products and atomic struc-
tures of some DNA and RNA packaging motors have been solved
(Agirrezabala et al., 2005; Amarasinghe et al., 2000; Du et al.,
2011; Lebedev et al., 2007; Mancini et al., 2004; Momany et al.,
1996; Saad et al., 2006; Simpson et al., 2001; Sun et al., 2008).
Furthermore, in vitro packaging assays and single-molecule stu-
dies in the energy-dependent packaging systems have shown that
the viral packaging enzymes are some of the most powerful
biological motors (Gottlieb et al., 1992b; Kondabagil et al., 2006;
Masker and Serwer, 1982; Smith, 2011).
Large and extremely large viruses of the nucleo-cytoplasmic large
DNA virus (NCLDV) clade appear to have evolved a completely
different strategy for packaging their genome into the capsid. They
carry extremely large genomes (on an average, 5–20 times larger
than normal phage genomes) and are thought to use a mechanism
that is comparable to chromosome segregation in bacteria and
archaea (Chelikani et al., 2014). The DNA packaging ATPase of
NCLDVs and the prokaryotic viruses with an inner lipid membrane
belong to the FtsK/SpoIIIE/HerA superfamily (ATP-dependent DNA
pumping motors of bacteria and archaea) (Iyer et al., 2004). Other
components involved in prokaryotic chromosome segregation, such
as recombinases and topoisomerases, are also encoded by several
members of the NCLDV and might play a crucial role in their genome
packaging (Chelikani et al., 2014). Surprisingly, Marseillevirus and
Lausannevirus, members of NCLDVs, encode histone-like proteins
that are critical for eukaryotic genome packaging (Boyer et al., 2009;
Thomas et al., 2011). Thus, genome packaging mechanisms of
NCLDVs seem to share features that are seen in all types of cellular
life, bacteria, archaea, and eukaryotes.
Viruses largely use three types of mechanisms for genome
encapsidation, two of which require ATP/NTP-dependent DNA
pumping motors. An attempt has been made here to provide a
comprehensive review of all the known viral genome packaging
mechanisms, and a simple classiﬁcation system dividing the
packaging systems into three large groups on the basis of the
mechanism employed has been proposed. These will be useful in
understanding the origin and evolution of packaging mechanisms.
Classiﬁcation of packaging systems
In this article, we have made an effort to classify the viral
genome packaging systems based on the strategy employed and
the relatedness of the components. We have limited ourselves to
discussing one well-understood system in greater detail under
each major type. Variant mechanisms within each major type will
also be discussed brieﬂy.
Type I mechanism includes viruses in which capsid assembly
and genome condensation are more or less coupled and do not
require the input of energy (Kutluay and Bieniasz, 2010). Initiation
of capsid protein nucleation (recognition) occurs at the genome
terminus, where several forms of packaging signals are present
(Choi and Rao, 2003) (Fig. 1). Viruses that employ type II and type
III modes of packaging critically require ATP for genome pumping
into the preassembled capsid (Fig. 1). The type II system includes
most tailed phages that employ typical terminase-portal ensemble
for genome encapsidation (Hegde et al., 2012; Rao and Black,
2005). Most of the tailed phages (T4, T7, etc.) in this category
encode typical components of the packaging machinery, namely,
small terminase, large terminase, and portal protein (Rao and
Black, 2005; Catalano, 2005). We placed ϕ29 phage into the
separate subgroup B under type II; it does not encode a small
terminase (although it encodes terminal protein, which is func-
tionally homologous to small terminase) but critically requires an
RNA component known as pRNA (packaging RNA, which is not a
typical component of the terminase-portal system) for genome
translocation (Grimes et al., 2002) (Table 1). In viruses belonging
to the Cystoviridae family (e.g., ϕ6) a critical NTPase functions both
as the portal and the translocase (Pirttimaa et al., 2002). High-
resolution crystal structure and phylogenetic analyses indicate
that ϕ6 packaging NTPase has a recA-type nucleotide-binding
motif fold similar to large terminases, probably suggesting
mechanistic similarity (Hegde et al., 2012; Omari et al., 2013). This
motor protein is also capable of utilizing any type of NTP for
genome translocation (Poranen et al., 2001). We have placed
phage ϕ6 and other phages of the Cystoviridae family in a separate
subgroup, C, under type II (Table 1). In earlier classiﬁcations,
adenovirus was always grouped with ϕ29 (Ostapchuk and
Hearing, 2003; Mencia et al., 2011). Since adenoviruses lack an
apparent RNA component, we have tentatively placed them under
a separate subgroup, D. However, they do code for a terminal
protein (Tamanoi and Stillman, 1982). Adenoviral packaging sys-
tems remain poorly understood, and there is no clarity on the
identity of the DNA pumping ATPase (Christensen et al., 2012). The
identiﬁcation and characterization of this critical component will
help in the proper placement of adenoviral packaging systems.
The type III system mainly consists of large dsDNA viruses or giant
viruses that possess a unique genome packaging machinery
related to prokaryotic ones. It is hypothesized that this group of
viruses requires three major components, namely, packaging
ATPase, recombinase, and topoisomerase (Chelikani et al., 2014)
(Fig. 1). Of these three major components, only the packaging
ATPase is invariably of viral origin, whereas the other two
components are coded either by the virus or the host. Comparative
analyses of DNA pumping ATPases by Iyer et al. (2004) clearly
suggested that packaging ATPases of PRD1 and M13 are related to
the FtsK/HerA family ATPases of NCLDVs. Apart from the presence
of the NCLDV-type packaging ATPase, PRD1-like phages possess an
internal membrane, which is a characteristic feature of the NCLDVs
(Iyer et al., 2004; Burroughs et al., 2007). Filamentous phages, such
as M13, start their assembly at the host plasma membrane, and the
packaging ATPase docks the single-stranded DNA (ssDNA) close to
the assembly site. Several viral components (membrane proteins)
also help in genome encapsidation (Russel and Model, 1986). We
have placed PRD1-like phages and M13-like ﬁlamentous phages
under separate subgroups, B and C, respectively, under type III
(Table 1).
In the proposed classiﬁcation system, we have taken only the
overall mechanism of genome packaging and the presence and
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relatedness of its components into account. For example, although
M13 is a ﬁlamentous phage and does not have much in common
with NCLDVs, we have placed M13-like phages under the same
major group because they both encode FtsK-type packaging
ATPases (Iyer et al., 2004). This showcases great diversity in viral
packaging systems arising from convergent mechanisms, lateral
acquisitions, and dynamic adaptations in the rapidly evolving
host-parasite interactions.
Type I: energy-independent packaging systems
Small DNA and RNA viruses that do not require energy and
specialized packaging machinery for genome encapsidation are
included in type I (Table 1). Capsid assembly and genome
condensation in these viruses are usually coupled by the coating
of the nucleic acid with the viral capsid proteins, leading to the
assembly of a virion (Kutluay and Bieniasz, 2010) (Fig. 2). Although
there are quite a few mechanistic variations within this group
(some are mentioned in Table 1), we have not subgrouped them
further because only three major types of interactions are sufﬁ-
cient for packaging, namely, (1) protein–protein interactions for
capsid assembly, (2) DNA/RNA–protein interactions for the nuclea-
tion of capsid proteins on the genome, and (3) sequence-
independent and sequence-dependent DNA/RNA–protein interac-
tions that stabilize the encapsidated genome and minimize
encapsidation of nonviral nucleic acids (Catalano, 2005; Vriend
et al., 1986). The unique packaging signal or origin of assembly
sequence (OAS) such as stem-loop-like structures, 30-tRNA-like
sequence (TLS), and the 50-untranslated region (UTR) at the
genome termini recognized by the capsid protein (CP) helps to
distinguish the viral genome from cellular genetic material (Choi
and Rao, 2003). Apart from these packaging signals, some auxiliary
factors, such as host tRNA, viral replicase, etc., also enhance
genome packaging (Rixon, 1993). Human immunodeﬁciency virus
(HIV) is a typical and well-known example of this type of
packaging system and is discussed brieﬂy below (Fig. 2).
The structural component of HIV-1 and retroviruses is the
Gag polyprotein that has all the components needed for genome
packaging and virus assembly. During viral replication, the inte-
grated genome of HIV is transcribed into mRNA that produces the
structural protein Gag (Zheng et al., 2005). It has been estimated
that about 3000–5000 copies of Gag proteins are needed for the
assembly of each HIV particle (Briggs et al., 2004; Van Engelenburg
et al., 2014). The Gag protein recognizes the speciﬁc packaging
signal (50UTR) at the dimeric ssRNA end (Fig. 2A) and directs the
viral genome to the host plasma membrane, where virus assembly
takes place. At this stage, envelope proteins gp120 and gp40
(encoded by the env gene) assemble onto the plasma membrane
(Seibert et al., 1995) (Fig. 2B). During virion maturation, the Gag
polyprotein gets cleaved by the retroviral protease into four
proteins—matrix (MA or p17), capsid (CA or p24), nucleocapsid
(NC or p7), and p6—and two unstructured but functionally
important polypeptides known as SP1 and SP2 (spacer polypep-
tides 1 and 2) (Jones and Stuart, 1996; Lu et al., 2011) (Fig. 2B
inset). The MA domain (1–132 aa) of the Gag protein is responsible
for the transport of the Gag polyprotein to the plasma membrane
(Meyers et al., 2008; Saad et al., 2006). The MA domain contains a
critical cotranslationally acquired myristoyl group that is attached
to the N-terminal glycine residue (Chukkapalli and Ono, 2011). The
hidden myristoyl moiety of the monomer gets exposed when Gag
oligomerizes to form a trimeric structure. The exposed myristoyl
groups of the Gag trimer bind to the plasma membrane with
higher afﬁnity and stabilize the plasma membrane–Gag interac-
tions. The CA (133–377 aa) protein is made of two distinct
domains: an amino-terminal domain (NTD) and a carboxy-
terminal domain (CTD) (Fig. 2B inset) connected by a ﬂexible
linker. Proteolytic cleavage and dissociation from Gag protein lead
to the nucleation of the CA domain to form a roughly conical-
shaped shell around the RNA genome and other viral components.
The conserved region in CTD is crucial for Gag oligomerization,
and any mutations in this region adversely affect viral assembly
(Du et al., 2011). The NTD is believed to play an important role in
stabilizing the capsid through a sixfold interaction, and interac-
tions between CTD and NTD of the adjacent units are also deemed
important for stability. The conserved inter-domain hinge region
also adds considerable plasticity to the CA domain and helps in
linking NTD–CTD, CTD–CTD, and NTD–NTD, leading to polymorph-
ism unlike other viruses that have a more deﬁned capsid structure
(Cardone et al., 2009; Du et al., 2011). The Gag–Gag lattice
interactions—made by the CTD of CA, SP1 spacer, and NC region
—are also crucial for the maturation of virus (Ganser-Pornillos et
al., 2008). The CTD of CA and NTD of the spacer polypeptide SP1
are also essential for the formation of immature virions (Fig. 2B
inset). Mutational studies on SP1 showed loss of viral infection and
a severe effect on morphogenesis (Kräusslich et al., 1995).
The NC domain (378–508) is the fourth domain of the Gag
protein and is responsible for the formation of the innermost layer
and is associated with the genome. The NC domain binds to the
conserved Ψ-site (120 nt-long stretch of RNA containing a packa-
ging signal) near the 50-end of the viral RNA and forms an RNA–
Nucleation of capsid proteins 
onto the genome
Assembly of viral particles
ATP independent
Docking of the viral genome by 
the packaging proteins onto the 
portal situated at a unique vertex 
on the procapsid
ATP/NTP dependent
Genome translocation into the 
capsid by the packaging proteins
Assembly of viral particles
Assembly of internal lipid 
membranes and the procapsid
Genome translocation into the capsid 
by the  packaging ATPase
ATP dependent
Assembly of viral particles
Type I packaging Type II packaging
Viral genome packaging 
Type III packaging
Resolution and docking of the viral 
genome by the segro-packasome 
machinery onto the procapsid at the 
vertex or non-vertex opening
Fig. 1. Major types of viral packaging systems.
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protein complex (Amarasinghe et al., 2000). The zinc ﬁnger in the
NC domain makes sequence-speciﬁc contacts with exposed loop
residues (Ganser-Pornillos et al., 2008). Genome packaging does
not occur in the presence of mutations that inhibit zinc binding
(Amarasinghe et al., 2000). It is believed that an RNA–protein
complex comprising a small number of Gag proteins and two
copies of the viral genome is transported to plasma membrane
viral assembly sites, where several thousands of Gag proteins are
already localized, leading to the formation of immature virus
particle (Lu et al., 2011). During maturation, HIV also packages
its reverse transcriptase and integrase enzymes (encoded by pol
gene), which are required for infection (Seibert et al., 1995)
Table 1
Classiﬁcation of genome packaging in viruses.
Type I packaging system
Subgroup None
Genome
types
ssRNA/dsRNA/ssDNA/dsDNA
Examples (þ) ssRNA: Tobacco mosaic virus (TMV), Turnip yellow mosaic virus (TYMV), Brome mosaic virusa (BMV), Dianthovirusesa, Comovirusa, Fabavirusa,
Nepovirusa, Cucumovirusa, Alfamovirusa, Tombusvirus, Tymovirus, Sobemovirus, Luteovirus, Carmovirus, Human immunodeﬁciency virus (HIV), λN, Flock
house virusa (FHV), Togavirus, Rous sarcoma virus, Simian immunodeﬁciency virus (SIV), Lentivirus, Bovine leukemia virus, Rabies virus, Inﬂuenza A virusa,
Yeast PR6; dsDNA: SV40, Human hepatitis B virus; dsRNA: Totivirus; ssDNA: Geminivirus
Components Nucleocapsid protein
Deviation 1. In FHV, packaging of one RNA molecule is dependent on the replication of the other RNA molecule.
2. In inﬂuenza A virus, all eight segments of genome have unique packaging signals at the ends.
3. SV40 DNA forms minichromosomes that are wound into nucleosomes with the help of host histone proteins.
4. Rhabdoviruses replicate their genome in inclusion bodies (similar to viral factory).
Type II packaging system
Subgroup A T4-like
Genome
types
ssDNA/dsDNA
Examples dsDNA: Phages T4, T3/T7, T5, λ, P1, P2, P4, P22, and SPP1, herpes simplex virus-1; ssDNA: Phage ϕX174, Adeno-associated virus (AAV2)
Components Portal protein, large terminase, and small terminase
Deviation 1. Phage λ has a linear concatemerized genome and uses host encoded IHF and HU proteins for bending the DNA to facilitate terminase binding.
2. Phages SPP1 and P22 require head completion and capsid decoration proteins to prevent the leakage of genome.
3. In AAV2, Rep protein (required for replication) targets the viral genome to the portal and translocates it into the capsid. Helicase activity of the Rep
protein is essential for genome translocation.
4. Phage HK97 makes use of HNH nuclease (gp74) for genome packaging.
Subgroup B ϕ29-like
Genome
Type
dsDNA
Examples Phages ϕ29, ϕ15, PZA, PZE, BS32, B103, and M2Y
Components Connector (portal protein), terminal protein, packaging ATPase, and pRNA
Deviation –
Subgroup C ϕ6-like
Genome
type
dsRNA
Examples Phages ϕ6–ϕ14a, Rotavirusa
Components Polymerase complex (capsid protein, RNA polymerase, packaging NTPase, and stabilizing protein)
Deviation Φ8 and Φ13 NTPase exhibits helicase activity.
Subgroup D Adenovirus-likeb
Genome
Type
dsDNA
Examples Human adenoviruses A-G, Frog adenovirus, and Ovine adenovirus D
Components Proteins IVa2, L4-22K/33K, and L1-52/55K
Deviation –
Type III packaging system
Subgroup A Mimivirus-likeb
Genome
Type
dsDNA
Examples Mimivirus, Vaccinia virus, Paramecium bursaria chlorella virus (PBCV), Cafeteria roenbergensis virus (CroV), Megavirus, Asfarvirus, Iridovirus, Ascovirus,
Marseillevirus, Pandoravirus, and Virophages
Components Packaging ATPase, recombinase, and type II topoisomerase
Deviations 1. Vaccinia virus has dsDNA with hairpin-like structure at the end.
2. Poxviridae and Asfarviridae family viruses recruit type II topoisomerase from the host.
3. Marseillevirus and Laussanevirus encode histone-like protein.
Subgroup B PRD1-like
Genome
Type
dsDNA
Examples Phages PRD1, PR3, Bam35c, L17, PR4, AP50, and PR772
Components Packaging ATPase, spike protein, and membrane integral protein
Deviation –
Subgroup C M13-likeb
Genome
type
ssDNA
Examples Phages M13, Pf1, Fd, Pf3, Xf, Ff, If1, and F1
Components Probable packaging ATPase, coat protein, and minor proteins.
Deviation –
a Segmented genome.
b Mechanism of genome packaging is not well understood.
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(Fig. 2C). Complete assembly takes about 5–6 min (Jouvenet et al.,
2008, 2009).
The genomes of plant viruses are either monopartite or multi-
partite (segmented) (Rao, 2006). Monopartite plant viruses, such as
tymovirus and tombusvirus, exhibit a single genome component
packaged into one virion and sgRNA (subgenomic RNA) packaged into
a separate particle, whereas bipartite viruses, such as comovirus,
nepovirus, and dianthovirus, package two RNA molecules into two
distinct virions (comovirus and nepovirus) or into one virion (dia-
nthovirus) (Rao, 2006). In tripartite viruses, such as bromovirus and
cucumovirus, two large RNA molecules are packaged into two virions,
but the third RNA and its sgRNA are copackaged into a third virion
(Rao, 2006). The sgRNA make up secondary RNA molecules necessary
for replication as well as packaging. The reason for the packaging of a
segmented genome is not well understood (Lane, 1974; Mossop and
Francki, 1979; Rao, 2006; Simon et al., 2004). Like plant viruses,
inﬂuenza virus and ﬂock house virus (FHV) genomes are also
segmented. In inﬂuenza virus, eight segments of the genome with
eight different packaging signals are packaged into a single virion,
whereas in FHV, two segments are copackaged into a single virion, and
the packaging of one segment is facilitated by the other (Hutchinson et
al., 2010; Marshall and Schneemann, 2001; Venter et al., 2009).
Another deviation (Table 1) in type I genome packaging was observed
in Simian virus 40 (SV40), which has minichromosomes wrapped in
histone proteins from the host to form a nucleosome-like structure
that is similar to eukaryotic chromosome in architecture (Polisky and
McCarthy, 1975; Saper et al., 2013). Genome encapsidation in rhabdo-
viruses is very similar to the other viruses in this group, but their
replication takes place in a specialized inclusion body similar to a “viral
factory” inside the cytoplasm (Lahaye et al., 2009) (Table 1).
Type II: portal-translocase system
The type II system consists of all phages and viruses that make
use of machinery comprising a portal protein and terminase-type
enzyme/s or other translocases that package the genome in an
ATP-dependent manner into the preformed capsid. This type of
machinery is ubiquitous in bacterial viruses, especially in the order
gp120 
& gp41
RT &  
Integrase
gp120
gp41
Envelope
CA
Integrase NC
MA
RT
MA CANTD NC
Lipid Raft 
of host PM
5’UTR
Single stranded 
RNA dimer-Gag 
complex
Gag
p6
Cleavage sites
N C
CACTD
SP1 SP2
Fig. 2. Schematic of the genome packaging mechanism in HIV. (A) Docking of the Gag-RNA complex to the host plasma membrane (PM): assembly of Gag polyproteins on
the 50 UTR (packaging signal) of the viral RNA and docking of the complex to the host PM for viral assembly. (B) Genome packaging and assembly: encapsidation of the viral
genome by Gag on the inner surface of the host PM and assembly of the envelop proteins (gp120 and gp41) onto the PM. (C) Mature virion production: maturation of the HIV
virion, and incorporation of reverse transcriptase (RT) and integrase into the mature virion particle. Domain organization of the Gag polyprotein is shown in the inset. MA—
matrix domain, CA—capsid domain, NC—nucleocapsid domain, SP1 and SP2 are space regions. NTD and CTD stand for N-terminal domain and C-terminal domain,
respectively.
Procapsid (gp23, gp24) 
with portal protein(gp20)
Branched 
concatemer
Assembly of 
neck, tail, base 
plate, tail  fibers
gp17gp16
Fig. 3. Schematic of the genome packaging mechanism in phage T4. (A) Docking of the viral genome onto the procapsid: oligomerization of the small terminase on the pac
site. The large terminase (gp17) recognizes the small terminase (gp16) bound to the pac-site and assembles to form a hetero-oligomeric complex while the capsid assembly
pathway produces the procapsid. (B) Genome encapsidation through the portal: the terminase-DNA complex binds to the portal (gp20) situated at a unique vertex of the
preformed head and the genome is translocated into the procapsid through the portal with the help of ATP hydrolysis. (C) Production of mature virion particles: after
packaging of a one unit length genome, the nuclease domain of large terminase releases the concatemer by making a second cut followed by the assembly of neck proteins,
tail, base plate and tail ﬁbers. Small and large terminase proteins are also released and reused for packaging another head.
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Caudovirales that comprises tailed bacteriophages, and is also
found in Herpesviridae (Camacho et al., 2003; Mancini et al.,
2004; Ortega and Catalano, 2006; Sun et al., 2008). We have
classiﬁed the type II system into four subtypes (A: T4-like, B: ϕ29-
like, C: ϕ6-like, and D: adenovirus-like) on the basis of their
unique composition and the mechanism of genome packaging
(Table 1). The phage T4-like system consists of portal protein and
terminase enzymes and is prominent among tailed bacterio-
phages. Terminase enzymes cut the DNA either nonspeciﬁcally
upon completion of packaging in a head-full manner at pac sites,
leading to packaging little over one full copy of the genome
(e.g., phage T4) (Black, 1995) or at speciﬁc sites known as cos
(e.g., phage λ) (Feiss et al., 1983). In ϕ29-like packaging, the small
terminase is absent, but two other components, a single-stranded
packaging RNA known as pRNA and a terminal protein, are present
(Guo et al., 1987a; Simpson et al., 2000) (Table 1). In the ϕ6-like
packaging system, the same protein functions as both portal and
packaging protein and is also capable of hydrolyzing any type of
NTP (Gottlieb et al., 1992a), in contrast to other type II subgroups
that rely exclusively on ATP. The putative portal/NTPase oligomers
are present at all the 12 vertices of the capsid, and one of these
NTPase complexes present at a speciﬁc vertex carries out genome
packaging. All the other subgroups in type II encode distinct
packaging and portal proteins. Another interesting feature in ϕ6-
like packaging is that it requires NTPase activity for genome
packaging, but that the presence of NTPs is sufﬁcient (no NTPase
activity) for genome delivery (Paatero et al., 1998; Poranen et al.,
2001). In addition, the packaging NTPase possesses helicase
activity as well (Kainov et al., 2006). Due to the diversity in the
composition of the packaging machinery, the overall mechanism
of genome packaging varies in subgroups of the type II packaging
system. It has recently been shown that in Escherichia coli phage HK97,
the terminase enzymes (designated as TerL and TerS for terminase
large and small subunits, respectively) critically require the presence of
a phage-coded HNH-type nuclease (gp74) for efﬁcient genome packa-
ging and head morphogenesis (Kala et al., 2014; Moodley et al., 2012).
Many of the highly mobile staphylococcal pathogenicity islands (SaPIs)
hijack the terminase-type packaging machinery for their own beneﬁt
(Ram et al., 2012). The SaPI genomes carry either pac sites or cos sites
in their genome so that they get efﬁciently packaged into phage
particles, thereby reducing the number of phage particles packaged
with phage genomes (Ubeda et al., 2009). Many SaPIs use their own
terminase-type packaging system and have a cos site for encapsidation
for infectious phage-like particles. Some islands such as SaPIbov5 do
not contain a terminase enzyme but possess both pac and cos sites in
their genome so that they can use either type of helper phage (cos or
pac phage) and its machinery for their packaging (Quiles-Puchalt et al.,
2014; Ubeda et al., 2007). This clearly suggests that viral genome
packaging systems are actively involved in evolutionary processes by
facilitating lateral gene transfers. Fig. 3 shows a schematic representa-
tion of the overall mechanism of type II genome packaging with phage
T4 as an example. The mechanism of each subgroup is brieﬂy
discussed below.
Type IIA (T4-like)
Phage T4 genome replication pathways yield a highly branched,
metabolically active concatemeric intermediate that is used as a
substrate for packaging. The packaging machinery of bacteriophage
T4 is a hetero-oligomeric complex comprising three proteins: a
dodecameric 61 kDa portal protein (gp20), which is the structural
component and is part of the unique vertex of the capsid; a
pentameric 70 kDa large terminase motor (gp17), which has all the
catalytic functions required for packaging (ATPase, translocase, and
nuclease); and an 11- to 12-meric 18 kDa small terminase (gp16),
which is required for DNA recognition and regulation of large
terminase functions (Al-Zahrani et al., 2009; Hegde et al., 2012; Rao
and Black, 2005). It is hypothesized that the small terminase protein
gp16 recognizes the end of the genome, leading to its oligomerization
and recruitment of the large terminase gp17 (Al-Zahrani et al., 2009)
(Fig. 3A). The motor protein makes the ﬁrst cut in the concatemer to
generate one end of the genome and docks it onto the doughnut-
shaped portal protein oligomer situated at the unique vertex on the
capsid (Fig. 3B). Components of the packaging machinery progres-
sively interact and harmonize a complex series of reactions to produce
a DNA-ﬁlled head containing a little over one viral genome per head
(Hegde et al., 2012). A combination of atomic structures, cryo-electron
reconstruction, and mutational/functional studies helped to decipher
the mechanism of DNA translocation in phage T4 (Sun et al., 2008).
Once one end of the genomic DNA is docked onto the portal, the
binding of ATP to the N-terminal ATPase domain and the binding of
DNA to the C-terminal nuclease domain of the motor protein gp17 (in
its tense state) cause conformational changes, resulting in ATP hydro-
lysis (Fig. 3B). The subsequent release of Pi and ADP causes the rotation
of N-terminal subdomain II by about 6 degrees, which facilitates the
movement of the C-domain towards the N-domain via a ﬂexible hinge
that temporarily aligns the charged pairs between the N- and C-
domains. This movement of the C-terminal domain by about 7 Å
results in the movement of 2 bp of DNA bound to the C-terminal
domain into the capsid. The release of ADP and Pi from the catalytic
center (relaxed state) returns the large terminase gp17 to its original
state, which is now ready for binding another molecule of ATP and
translocation of DNA. When the capsid is nearly full, internal forces
push the portal protein slightly outward, which in turn exposes and
activates the nuclease domain of gp17 to cleave the end of the
genome. Cryo-electron microscopic reconstructions suggest that the
individual monomers of the pentameric gp17 takes turns in pushing
the DNA into the capsid (Sun et al., 2008). Motor protein gp17 alone
shows poor ATPase activity but is enhanced by about a hundredfold in
the presence of gp16 (Baumann and Black, 2003; Leffers and Rao,
2000). The nuclease and the DNA translocation activities of gp17 are
also regulated by the small terminase protein gp16 (Al-Zahrani et al.,
2009). Once the head is full, the packaging machinery makes a second
cut, resulting in the dissociation of the concatemer and the terminase
complex from the vertex (Zhang et al., 2011). The ﬁlled head then
proceeds toward assembly completion by acquiring other components
like neck, tail, base plate, and tail ﬁbers to generate a fully assembled
virus particle (Fig. 3C). After genome packaging, phages SPP1 and P22
in this group require capsid decoration proteins to prevent the leakage
of genome (White et al., 2012) (Table 1).
Type IIB (ϕ29-like)
Amajor difference between the terminase-portal packaging system
and the one operative in Bacillus subtlis phage ϕ29 is the requirement
of an RNA component known as the prohead RNA (pRNA-120
nucleotides) (Table 1). Phage ϕ29 multiplies its genome by a
protein-primed mechanism (Kamtekar et al., 2004). The 30-hydroxyl
group for elongation is provided by a serine residue of the priming
protein known as the terminal protein (gp3), which is covalently
attached to the 50 (dAMP) end of its linear dsDNA genome (Salas et al.,
1996). The terminal protein gp3 plays a central role in both replication
and packaging (Harding et al., 1978; Peñalva and Salas, 1982; Salas et
al., 1978). Along with pRNA, the ϕ29 packaging machinery includes a
dodecameric connector or the portal protein (gp10, situated at the
prohead vertex) and an ATPase (gp16). During packaging, the terminal
protein (gp3), attached to the end of a unit-length genome, acts as a
nucleation site for the gp16 ATPase, and gp16 directs the genome to
the connector of an empty capsid where pRNA is already bound
(Grimes et al., 2002). The hexameric form of pRNA binds the capsid
protein (gp8), the connector (gp10), and the packaging ATPase (gp16),
leading to the assembly of the packasome complex. The monomeric
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pRNA folds into a DNA translocation domain and a procapsid binding
domain (Morais et al., 2008; Reid et al., 1994). The pRNA binding
domain of the packaging ATPase recognizes and binds to the pRNA-
prohead complex, and in the process, gp16 docks the DNA-gp3
complex onto the connector. Hydrolysis of ATP by gp16 induces
conformational changes, leading to the translocation of DNA into
the capsid (Chemla et al., 2005; Grimes and Anderson, 1990). The
dodecameric connector channel size is dynamically altered by about
30% to ensure one-way trafﬁc of DNA into the capsid, and pRNA helps
in synchronizing this movement with gp16 ATPase/translocase func-
tion (Zhang et al., 2012). The pRNA component dissociates from the
mature virus particle after the completion of genome packaging,
whereas the connector remains as part of the viral structure. The
gp16 and gp3 of phage ϕ29 are believed to be the functional analogs of
the large and small subunits of the terminase complex (Rao and Feiss,
2008).
Type IIC (ϕ6-like)
Phage ϕ6 is a pseudomonas-infecting lytic phage with a unique
14 kb segmented dsRNA genome. The three segments of RNA are
packaged as single strands (ssRNA) into the preformed capsid, and
the second strand is generated with the help of an RNA-dependent
RNA polymerase (protein P2) inside the capsid (Gottlieb et al.,
1990; Pirttimaa and Bamford, 2000). The presence of an outer lipid
bilayer (Vidaver et al., 1973) and the sequential packaging of the
three segments of genome make this group very different from
T4- and ϕ29-like systems. The three genome segments are named
according to their sizes: small (S, 2.9 kb), medium (M, 4.1 kb), and
large (L, 6.4 kb), and each of these strands has a unique loop-like
structure at the 50 end known as the pac site, which is required for
packaging (Pirttimaa and Bamford, 2000). The selection of these
three segments of genome is carried out by a polymerase complex
whose afﬁnity toward the segments increases with segment size
(Juuti and Bamford, 1995). The essential components of genome
packaging in ϕ6 are the polymerase complex (P1, P2, P4, and P7
proteins) and the nucleocapsid (P8) protein. Protein P1 is a major
component of the procapsid and is also likely to be involved in the
initial recognition of ssRNAs (Onodera et al., 1998). The packaging
of three segments of ssRNA into the procapsid is carried out by the
multifunctional hexameric NTPase P4. Interestingly, P4 NTPase can
hydrolyze NTPs, rNTPs, dNTPs, and even ddNTPS in the presence of
Mg2þ to derive energy for genome encapsidation (Poranen et al.,
2001). There are 12 NTPases, but only one of them acts as a
scaffold for capsid assembly, and the same NTPase is involved in
genome packaging (Pirttimaa et al., 2002). The other 11 NTPases
might be involved in genome delivery during infection, which is
not the case for packaging ATPases of other subgroups in type II
(Makeyev and Grimes, 2004; Poranen et al., 2001). Although P7
has no enzymatic activity, it is thought to play a role in the stable
packaging of the ssRNA genome (Juuti and Bamford, 1997; Juuti et
al., 1998). The capsid also expands during genome encapsidation
(Juuti and Bamford, 1997; Juuti et al., 1998). Other members of this
subgroup, such as phages ϕ8 and ϕ13, encode an NTPase that also
exhibits helicase activity (Kainov et al., 2006) (Table 1).
Rotavirus, a member of the Reoviridae family, has 11 dsDNA
segments and shares several features of its genome packaging
mechanisms with both inﬂuenza virus (without ATP hydrolysis)
and ϕ6 (NTP hydrolysis) (McDonald and Patton, 2011). Two
possible models for genome encapsidation in this virus were
proposed: (1) co-condensation of nucleic acid and the capsid
protein (Berosis et al., 2013), and (2) packaging of all 11 genome
segments into the preassembled capsid in a manner similar to
phage ϕ6 (McDonald and Patton, 2011). Like the ϕ6 NTPase protein
P4, the nonstructural multifunctional NSP2 protein of rotavirus
exhibits NTPase activity and ssRNA binding, and it is also a
component of the viral replicase complex (McDonald and Patton,
2011; Jayaram et al., 2002) (Table 1). Although the genome
packaging mechanism in rotavirus is poorly understood, it was
tentatively placed in subgroup IIC because, in analogy to the ϕ6
packaging NTPase, the NSP2 protein assembles as an octamer,
binds to ssRNA, and exhibits NTPase activity (Vende et al., 2003).
Type IID (adenovirus-like)
Adenovirus packages its 36 kb linear dsDNA genome into the
preformed nonenveloped icosahedral capsid (Fabry et al., 2005). It
is hypothesized that genome packaging in adenoviruses takes
place in a polar fashion, from left to right of the genome (Gräble
and Hearing, 1990). A series of redundant bipartite sequences
named “a repeats” present at the left end, between 200 and 400
nucleotides of the genome, is critical for genome packaging
(Gräble and Hearing, 1992) (Table 1). At least three adenovirus-
encoded proteins—IVa2, L4-22K/L4-33K, and L1-52/55K—speciﬁ-
cally interact with the packaging sequence and are required for
packaging (Wu et al., 2012; Yang and Maluf, 2010). It is not clear
whether IVa2 has the packaging ATPase/NTPase activity, but it is
critically required both for packaging and the transcriptional
activation of a late promoter (Christensen et al., 2012). Most
studies so far have focused on understanding the interaction
requirements between speciﬁc DNA elements of the genome and
the packaging proteins IVa2 and L4-22K/33K (Ewing et al., 2007;
Gräble and Hearing, 1990; Ostapchuk et al., 2006; Tyler et al.,
2007). From the available literature, it seems that adenovirus
packages its genome into the preformed capsid in an energy-
dependent manner. But no packaging ATPase or portal protein has
been clearly identiﬁed, although the presence of IVa2 protein as a
hexamer/octamer complex at the unique vertex has been demon-
strated (Christensen et al., 2008). Since this assembly process is
analogous to common features of portal-translocase systems, it is
tentatively placed here as a separate group.
The terminase-type genome packaging motors are some of the
most powerful molecular motors that can generate forces in excess
of 60 pN and translocate DNA at rates of up to 2000 bp/s (Fuller et
al., 2007a; Rao and Black, 2005) and help in the condensation
of the genome inside the capsid to near-crystalline density
(500 mg/ml) (Lander et al., 2006; Smith et al., 2001). It is
estimated that phage T4 needs about 105 ATP molecules to
package one molecule of its genome (Fuller et al., 2007a). The
packaging density in ϕ29 is similar to other phages (Rickgauer et
al., 2008), and the force generated by the motor (57 pN) (Chemla
et al., 2005; Smith et al., 2001) is comparable to the force
generated by the phage T4 packaging motor (Fuller et al.,
2007a). The initial rate of genome packaging in ϕ29 is estimated
to be 100 bp/s at a saturating concentration of ATP, and the whole
genome is packaged in about 5 min by the motor (Smith et al.,
2001). The requirement of one ATP for every two base pairs
translocated was ﬁrst established in ϕ29 (Guo et al., 1987b) and
later turned out to be valid for all the packaging systems studied
so far (Cue and Feiss, 2001; Fuller et al., 2007a; Guo, 1994; Guo et
al., 1987b; Lin and Black, 1998; Smith et al., 2001).
Type III: FtsK/HerA-type system
The type III system comprises all viruses with a P-loop FtsK/
HerA superfamily ATPase and is mainly seen in members of the
NCLDV clade and phages with an inner lipid membrane like PRD1,
ﬁlamentous phages such as M13, and virophages (Burroughs et al.,
2007; Iyer et al., 2006). Deviations within this group are built
around an invariable nucleic acid pumping ATPase that is related
to the essential prokaryotic cell division and chromosome segre-
gation proteins such as FtsK and HerA, rather than packaging
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ATPases of other known viruses (Iyer et al., 2004). Many of the
NCLDVs carry extremely large genomes (in excess of 1000 kb), and
the molecular machinery that carries out the complex operation of
genome segregation and encapsidation with remarkable ﬁdelity
remains to be understood. Our recent studies suggest that the
genome segregation and packaging machinery of mimivirus and
many other NCLDVs subfamilies have many similarities with the
bacterial chromosome segregation and cell division machinery
(Chelikani et al., 2014). On the basis of the available literature and
our observations, we suggest subdividing the type III packaging
systems into mimivirus-like, PRD1-like, and M13-like systems
(Table 1). The components of genome packaging in mimivirus-
like packaging include a packaging ATPase, a type II topoisome-
rase, recombinase/s, and possibly several as yet unidentiﬁed
components (Table 1). The replication of genome in mimivirus
and many other NCLDV families (except in the Poxviridae and
Asfarviridae virus families) probably results in the synthesis of
catenated genomes. The three packaging components interact
with one another in a spatiotemporal manner to form a complex
that is competent for both resolving the catenated genomes into
unit lengths and translocating them into empty capsids (Chelikani
et al., 2014). The other two subgroups, PRD1-like and M13-like
phages, do not encode topoisomerases or recombinases, but the
critical packaging ATPase is related to the one in mimivirus (FtsK-
HerA superfamily). The overall packaging mechanism is also not
well understood in these phages. So far, phage M13 was assumed
to possess a passive packaging system (type I) due to the co-
condensation of capsid and genome (Guo and Lee., 2007; Oram
and Black, 2011). However, phage M13 encodes an FtsK type
packaging ATPase (gp1) that is required for its assembly (Iyer et
al., 2004; Russel, 1995), hence, we have placed them under a
separate category. Since virophages also encode packaging ATPase
of the FtsK/HerA superfamily (Fischer and Suttle, 2011; La Scola et
al., 2008), they are included in type IIIA. Fig. 4 shows the schematic
representation of the overall mechanism of type III genome
packaging with mimivirus as an example.
Type IIIA (mimivirus-like)
In terms of genome and particle size, mimivirus (host Acantha-
moeba polyphaga) is bigger than most viruses and some small
bacteria (La Scola et al., 2003). The genome of mimivirus is
surrounded by lipid membranes inside the icosahedral capsid that
is further covered by 120 nm-long ﬁbers on the outside (Raoult et
al., 2004; Xiao et al., 2005). Mimivirus has evolved a unique two-
portal system: (1) a nonvertex transient conduit for genome
packaging and (2) a stargate-like structure for genome delivery
during infection (Kuznetsov et al., 2010; Xiao et al., 2009;
Zauberman et al., 2008). Fig. 4 shows the schematic representation
of a possible mechanism of genome packaging in mimivirus
mainly based on few available studies (Chelikani et al., 2014;
Mutsaﬁ et al., 2013; Zauberman et al., 2008). Mimivirus and many
other NCLDVs encode a packaging ATPase, a putative type II
topoisomerase, and recombinases that are integral parts of the
prokaryotic chromosome segregation and translocation machinery
(Aussel et al., 2002). Hundreds of copies of the mimiviral genome
are made during the synthesis phase inside the viral factory
(Suzan-Monti et al., 2007), which are likely to be catenated and
have to be resolved before packaging (Fig. 4A). A proposed
mechanism suggests that the mimivirus packaging ATPase oligo-
merizes around a strand of genome and translocates on it until it
encounters the entangled region (Fig. 4A), which then might
recruit type II topoisomerase, and this complex is further guided
toward speciﬁc sites on the genome (analogous to bacterial dif
sites, where the recombinase is most likely to be already bound)
(Chelikani et al., 2014). The assembled segro-packasome resolves
the catenated genome into unit lengths (Fig. 4B). The packaging
ATPase that is still bound to a copy of the resolved genome docks
at the membrane–capsid protein interface and pumps the DNA
into the capsid (Chelikani et al., 2014) (Fig. 4C). The packaging
ATPase was not identiﬁed in the proteomic analysis of the puriﬁed
mimivirus particles (Renesto et al., 2006), suggesting that it leaves
the nonvertex packaging site after packaging and is probably
reused (Fig. 4D). The genome packaging in vaccinia virus is slightly
different, and genome replication in this virus leads to the
formation of a dimeric tail-to-tail cruciform-like structure at the
distal end (Traktman, 1996). At this junction, the packaging ATPase
complex assembles and resolves the cruciform-like structure
(Table 1). The vaccinia virus does not encode type II topoisome-
rase, but experimental evidence suggests that vaccinia virus
recruits host type II topoisomerase for decatenation (Lin et al.,
2008) (Table 1). The packaging ATPase assembly docks a copy of
the genome onto the capsid vertex for packaging and leaves the
capsid after genome translocation Thus, the overall composition of
the packaging machinery is probably similar to mimivirus and
other NCLDVs.
Topoisomerase 
type II
Recombinase
Surface fibers
Capsid 
Non-vertex 
packaging site Internal 
membranes 
Star gate
KOPS-like packaging 
ATPase binding site
dif-like 
assembly 
initiation site
Packaging ATPase
Fig. 4. Schematic of a hypothetical model for genome packaging in mimivirus. (A) Oligomerization of packaging ATPase on the catenated genome: the packaging ATPase
oligomerizes at speciﬁc sites (yet to be identiﬁed probably analogous to bacterial KOPS site) of the catenated genome (dimeric or multimeric-not known yet, for simplicity a
dimer is shown) which is the end product of replication in mimivirus. (B) Assembly of the segro-packasome machinery: after oligomerization of the packaging ATPase that
slides on the genome towards the assembly site (analogous to bacterial dif-site) where it encounters other components, recombinase and topoisomerase II (and possibly
other unknown components) to form a complex that resolves the catenated genome. (C) Translocation of the viral genome through a nonvertex packaging site: the packaging
ATPase translocates the decatenated genome powered by ATP hydrolysis into the preassembled capsid through a transient non-vertex opening situated on the opposite face
of the stargate. Two strands of the dsDNA genome could be translocated simultaneously. (D) Mature virion production: after completion of genome encapsidation, the
nonvertex opening is sealed and the packaging ATPase complex leaves the capsid.
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Type IIIB (PRD1-like)
Phage PRD1 is a member of the Tectoviridae family and contains
an internal lipid membrane that plays an important role during
infection by forming a tubular structure (Grahn et al., 2002).
Essential components of the PRD1 packaging machinery are P9
ATPase, two membrane proteins (P20, P22), and a minor protein
(P6) (Karhu et al., 2007) (Table 1). Genome packaging in bacter-
iophage PRD1 requires a fully assembled empty prohead with an
internal lipid membrane through which the dsDNA genome is
packaged by the P9 ATPase situated at a speciﬁc vertex (Strömsten
et al., 2003). The unique vertex of PRD1 forms a channel through
the capsid into the inner membrane via the P20 and P22
membrane proteins. The minor protein P6, which attaches itself
to the virion through P20 and P22 membrane proteins, is neces-
sary for the binding of the putative P9 ATPase (Strömsten et al.,
2003). Unlike other packaging ATPases, P9-ATPase remains with
the mature virion, and no portal protein has been identiﬁed in
PRD1 (Strömsten et al., 2003, 2005). Microscopic studies suggest
that the PRD1 capsid does not undergo expansion after genome
packaging unlike some of the well-studied phages in type II
genome packaging (Butcher et al., 1995; Fuller et al., 2007b;
Jardine and Coombs, 1998).
Type IIIC (M13-like)
Many ﬁlamentous phages, such as M13, assemble at the plasma
membrane and are released without host lysis (Bull et al., 2004).
Phage M13 genome has nine open reading frames, which encode
11 proteins (Russel, 1995), the majority of which are membrane
proteins (eight), indicating their probable role during the release
from the host membrane (Makowski, 1984; Webster and Lopez,
1985). Thousands of copies of the major coat protein (pVIII)
condense onto its 6.4 kb circular ssDNA genome in a helical
fashion. An imperfect complementary structure at the end of the
genome acts as a packaging signal (Russel, 1995). Although this
suggests that M13 belongs to type I packaging system, some
mutational studies indicate that the phage M13 encoded probable
packaging ATPase pI, membrane protein pIV, and a host-encoded
thioredoxin are critical for its assembly (Horabin and Webster,
1986; Russel and Model, 1986) (Table 1). The pI protein contains a
single transmembrane domain and, part of its amino-terminus
region remains in the cytoplasm (Russel, 1995). This region
contains an ATP binding motif, and mutations in this region
disrupt phage assembly (Russel, 1995). The cytoplasmic region of
the pI protein also interacts with the packaging signal of the
genome (Russel, 1995). The interaction of pI with DNA is further
stabilized by thioredoxin, and ATP hydrolysis by the pI protein also
helps in the displacement of the DNA-binding protein pV. At the
same time, the pVIII coat protein present on the inner membrane,
adjacent to the pI protein, starts wrapping onto the DNA (Russel,
1995). The role of the pI protein is not entirely clear, but the
presence and criticality of this distant relative of packaging
ATPases in type III systems (Iyer et al., 2004) have prompted us
to place it as a separate type III subgroup.
Baculoviruses are relatively large viruses with rod-shaped capsids
containing circular dsDNA genomes (80–180 kbp) that infect a wide
range of invertebrates (Rohrmann, 2011). All the sequenced baculo-
viruses encode a motor protein (Ac66/ORF66) that appears to be
related to eukaryotic structural and chromosome maintenance pro-
teins (SMC) and has been implicated in genome packaging (Braunagel
et al., 2003; Deng et al., 2007; Rohrmann, 2011). This probably
represents a fourth group where the eukaryotic machinery is utilized
for viral genome packaging. However, it is too early to place
baculoviruses in a separate packaging category.
Conclusion
All the known viruses, and even some naked DNA elements,
appear to use at least three basic mechanisms to accomplish genome
packaging. These mechanisms vary from the simple coating of the
genome with capsid proteins, as seen in most small viruses, to the
highly complex genome packaging mechanisms of NCLDVs that
resemble prokaryotic chromosome segregation and pumpingmechan-
isms. Here, we have made an attempt to classify viral packaging
systems into three large groups and, based on variations within these
groups, into several subgroups. The mechanism of genome packaging
for each group and subgroup has been discussed using one typical
example. Several recent studies on viral packaging motors and
components involved in genome packaging helped us to understand
these processes in greater detail (Morais et al., 2008; Mutsaﬁ et al.,
2013; Simpson et al., 2000; Sun et al., 2012, 2008; Zauberman et al.,
2008). Many systems such as the ones operative in NCLDVs, baculo-
viruses, rotaviruses, and adenoviruses remain to be understood. The
fact that bacterial genomic islands have hijacked the terminase-
packaging systems for their own advantage suggests that the viral
packaging mechanisms play an important role in the coevolution of
bacteria and their phages and also facilitate a trans-species lateral
movement of genomic islands. We believe that the suggested classi-
ﬁcation of viral packaging systems will help us to better understand
packaging mechanisms.
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